Abstract Carbonaceous adsorbents were obtained from the residue after supercritical extraction of marigold subjected to physical activation and used as nitrogen dioxide and iodine adsorbents. The effect of carbonisation and activation temperature on the textural parameters, acidbase character of the surface and sorption properties of the activated carbons was tested. The materials obtained were activated carbons of low-developed surface area varying from 2 to 206 m 2 /g, showing clearly basic character of the surface. The results proved that proper selection of the carbonisation and activation procedure of the residue after supercritical extraction of marigold permitted obtaining carbonaceous adsorbents with good capacity toward liquid as well as gas inorganic pollutants. The effectiveness of NO 2 removal was found to depend to large extent on the conditions of adsorption. The preliminary wetting of the adsorbent bed was shown to significantly increase the amount of pollutants removed.
Introduction
One of the most important measures aimed at protection of the natural environment is restriction of emission of pollutants (Emami and Azizian 2014; Nowicki et al. 2014; Pietrzak and Bandosz 2007; Tyszczuk-Rotko et al. 2014; Wiśniewska 2012; Szewczuk-Karpisz 2013; Nosal-Wiercińska et al. 2015) . One of the most effective methods for elimination of pollutants is their adsorption by activated carbons (Bansal and Goyal 2005; Guo et al. 2013; Nowicki et al. 2013 ). Thanks to their strongly developed porous structure, activated carbons show very good sorption properties, from both liquid and gas phase and that is why they have been applied in many areas (Aysu and Küçük 2015; Kazmierczak et al. 2013; Nowicki et al. 2008) . Continuous broadening of the range of their use leads to increased demands for activated carbon adsorbents, which stimulates the search for new carbon precursors. The most interesting materials (among those previously proposed in literature) are all kinds of post-agricultural waste materials (Achaw and Afrane 2008; Kazmierczak-Razna et al. 2015; Martinéz et al. 2006; Nowicki et al. 2012) . Attractive precursors of activated carbons can be also the waste products left after extraction of plant raw materials with supercritical CO 2 .
The process of supercritical extraction is employed in pharmaceutical, cosmetic, food and fuel industries. It is used for extraction of dyes, aromas, fatty acids, active ingredients of plant origin used in production of cosmetics, or for decaffeination of coffee (Gracia et al. 2007; Hulbert et al. 1998; Mushtaq et al. 2015) . The interest in supercritical extraction has been recently increasing and it is expected that the amount of waste products accompanying this process will increase. The possibility of use of such waste for the production of activated carbons seems not only an attractive method of their utilisation but is also an economic method for obtaining effective adsorbents of pollutants from liquid and gas phase (Reverchon 1997; Rój et al. 2013; Zhao and Zhang 2013; del Valle 2015) .
In view of the above, the main aim of the study was to obtain the activated carbons by carbonisation and physical activation of the waste left after supercritical extraction of marigold and application of the adsorbents prepared for removal of gas and liquid phase pollutants represented by nitrogen dioxide and iodine. In addition, we studied the effect of the temperature of carbonisation and activation on physicochemical and sorption properties of the activated carbons.
Experimental

Sample preparation
The starting material (M) was the residue after supercritical extraction of marigold in the form of powder with particle size range of 0.10-0.75 mm and moisture content of 4.9 wt%. At first the precursor was subjected to carbonisation process that was carried out in a quartz tubular reactor heated by horizontal furnace, under a stream of nitrogen flown at the rate of 0.170 L/min. The samples were heated (58/min) from room temperature to the final carbonisation temperature of 500 (M5) and 700°C (M7). The samples were kept at the maximum temperature for 60 min and then cooled down in inert atmosphere. Carbonisation products were next subjected to physical activation (A). This process was carried out at a temperature of 700 (A7) or 800°C (A8) under a stream of carbon dioxide flown at the rate of 0.250 L/min, for 60 min.
Analytical procedures
The elemental analysis of the precursor, carbonisation products and activated carbons was performed by using elemental analyser Vario EL III. The standard test method ASTM D2866-94 (2004) for the ash content determination was applied. The samples were burnt in a microwave oven at 850°C for 60 min.
The porous structure of activated carbons was characterised by nitrogen adsorption-desorption isotherms measured on Autosorb iQ at -196°C. The surface area of activated carbons was calculated by Brunauer-EmmettTeller method. The total pore volume was calculated at a relative pressure of approximately p/p 0 = 0.99. The average pore diameter (d) was determined on the basis of surface area (S BET ) and the total pore volume (V t ), d = 4V t /S BET . Furthermore, the micropore volume and micropore area were determined using the t-plot method.
The content of surface oxygen functional groups was determined by the Boehm method Boehm (1994) . The pH of activated carbons was measured using the following procedure: 0.2 g of each sample was added to 10 ml of distilled water and the suspension was stirred overnight to reach equilibrium. Then the pH of the suspension was measured on a pH-meter manufactured by Metrohm Ion Analysis (Switzerland) equipped in Unitrode Pt1000 (combined glass pH electrode with temperature sensor).
For the evaluation of NO 2 sorption capacity, the samples were tested in two variants: in dry conditions (D) and after pre-humidification of activated carbon's bed by the air of 70 % humidity for 30 min so in mix-dry conditions (MD). The samples (bed volume 3 cm 3 ) were packed into a glass column. Dry air with 0.1 % of NO 2 was passed through the dry or pre-humidified bed of the adsorbent at 0.450 L/min. The breakthrough of NO 2 was monitored using Q-RAE PLUS PGM-2000/2020 with electrochemical sensors. The tests were stopped at the breakthrough concentration of 20 ppm (electrochemical sensor limits). After that, the desorption of NO 2 from the adsorbent bed was monitored. Additionally, to check the NO 2 reduction as a result of its reaction with carbonaceous material, the concentration of NO in the system was also monitored till 200 ppm. The interaction capacities of each sorbent in terms of milligram of NO 2 per gram of adsorbent were calculated according to the formula proposed by Nowicki et al. (2010) .
The iodine sorption ability of the adsorbents was determined according to the following procedure: Portions of 0.2 g of the samples sieved to a particle size below 1 mm were placed in 250 ml flasks and 4 ml of 5 % HCl was added. Then 20 ml of stock 0.1 M iodine solution was added to it and the mixture was shaken for 4 min in a shaker. All the samples were filtered through filter paper and next washed with 50 ml of water. The resulting solution was titrated with 0.1 M sodium thiosulphate (1 % starch solution as an indicator) until the solution become colourless.
(M). Increased content of C daf is accompanied by a notable decrease in the contents of hydrogen and oxygen, greater for char M7. The processes taking place on carbonisation of the residue after supercritical extraction of marigold also result in a significant increase in the content of ash; sample M7 has three times higher level of ash than the initial material.
Physical activation with CO 2 also induces changes in the elemental composition of the activated carbons obtained. In samples of activated carbons M5A7, M7A7, M7A8, further increase in the content of carbon with respect to that in chars M5 and M7 is observed. Only for M5A8 the content of carbon is by over 13 wt% smaller than that in M5, which can be attributed to excessive burning of carbon under activation at 800°C. All activated carbons show higher content of N daf relative to the precursor and carbonisates, which may follow from the presence of heterocyclic nitrogen groups resistant to the effect of high temperatures. The content of sulphur in the carbon adsorbents obtained is similar, irrespective of the activation temperature. The changes in content of oxygen and hydrogen are more complex. Samples M5A7 and M7A7 show much lower contribution of hydrogen and oxygen than the corresponding chars, whereas samples M5A8 and M7A8, activated at 800°C, show the reverse tendencies. A drastic increase in O daf to 32.9 wt% observed in sample M5A8 confirms the earlier assumption of excessive burn of carbon upon activation at this temperature. The process of physical activation causes also a significant increase in the content of mineral substance in the carbon materials obtained, in particular in those activated at 800°C.
Textural parameters of the activated carbons
As follows from Table 2 data, physical activation does not permit effective development of surface area, in particular in the samples activated at 700°C. The surface area of the samples activated at 700°C varies from 2 to 4 m 2 /g, so their porous structure was not effectively developed, most probably because of a too small difference between the temperatures of carbonisation and activation. At the present stage of research it cannot be excluded that the majority of pores generated in the process of sample activation was blocked by the mineral substance present in the structure of activation products, which is indicated by high values of the mean pore diameters of 31.7 and 17.7 nm in M5A7 and M7A7, respectively. However, detail explanation of this question needs further study.
The activation temperature increased by 100°C brings materials of surface area and pore volume much higher than those of M5A7 and M7A7. The most developed surface area and porous structure shows sample M5A8, obtained by activation of char M5 at 800°C. Analysis of textural parameters of M5A8 and M7A8 reveals that also the carbonisation temperature has a significant effect on the porous structure of the activated carbons. According to Table 2 data, the activated carbon obtained from M5 char is characterised by twofold greater surface area than analogous sample prepared by activation of the M7 char. Most probably it follows from the fact that the carbon structure of the carbonisate obtained at 700°C shows much higher ordering, so it is much less susceptible to the activating agent-carbon dioxide. Analysis of Table 2 also implies that samples M5A8 and M7A8 show mesoporous structure with micropores contribution of about 25-35 % in the total pore volume. Considerable predominance of mesopores in the structure of the adsorbents obtained is confirmed by the shape of adsorption/desorption isotherms (in particular by the presence of broad hysteresis loops, see Fig. 1 ) and the average pore diameter value of 3.6-3.7 nm.
Acid-base properties of the precursor, chars and activated carbons
According to the results collected in Table 3 , the precursor used in the studies shows acidic character of surface as follows from its pH of 4.3 and over four times higher content of acidic than basic groups. Interestingly, the processes of both carbonisation and activation, irrespective of their temperatures, result in removal of acidic groups and a considerable increase in the basic groups. The pH value after thermo-chemical treatment is 10.4-11.6, while the content of basic functional groups varies from 5.01 to 8.37 mmol/g. The number of basic oxygen groups on the surface depends to a significant degree on the temperature of carbonisation and in particular on that of activation. With increasing temperature of carbonisation, the number of basic groups increases, although the difference between the samples carbonised at 500 and 700°C is only 0.19 mmol/ g. The activation with CO 2 results in a further increase in the amount of basic surface groups, especially on the surfaces of samples M5A8 and M7A8, activated at 800°C. The strongly basic character of the surfaces of activated carbons obtained is probably a consequence of the fact that the activator applied (CO 2 ) and the high temperature of activation are favourable for generation of basic groups (Nowicki et al. 2008 ).
Nitrogen dioxide adsorption
None of the carbonisates obtained shows sorption properties towards nitrogen dioxide, both in dry and mix-dry conditions. Fortunately, activated carbons do show them (Table 4) , especially when the adsorption was performed in mix-dry conditions (after preliminary wetting of the adsorbent with a stream of wet air of 70 % humidity). The sorption capacities of activated carbons are to a significant degree dependent on the carbonisation and activation temperatures, but first of all on the conditions of adsorption. The most effective adsorbent in dry conditions was sample M7A8 whose sorption capacity of 29.2 mg/g was about twice higher than that of the other samples. Also in mix-dry conditions this sample showed very good sorption capacity. The most effective adsorbent in mix-dry conditions was however, sample M5A7, whose sorption capacity reached over 102.1 mg NO 2 /g ads , which was over six times greater than in the dry conditions (16.3 mg/g). For the other carbon samples studied, preliminary wetting with humid air resulted in only twice increased sorption capacity. Interestingly, a comparison of the data presented in Tables 4 and 5 reveals that although the activated carbon samples obtained have poorly developed porous structure, they show comparable or even better sorption properties towards NO 2 , than the materials obtained by chemical activation of post-agricultural or post-industrial waste with KOH, characterised by much better textural parameters. The effect of the carbonisation and activation temperatures on the sorption capacities was different, see Table 4 . For the samples activated at 700°C (M5A7, M7A7), an increase in the carbonisation temperature by 200°C deteriorates the sorption capacities, both in dry and in mix-dry conditions. For the samples activated at 800°C, the reverse is true. Similar shapes of the curves illustrating the changes in NO 2 concentration upon adsorption in dry and mix-dry conditions (Fig. 2) suggests that the mechanism of adsorption for the majority of samples is similar. Only for sample M7A8 a different course of the curve was observed for the adsorption in mix-dry conditions in which a slow increase in the concentration of NO 2 was noted up to a limiting value of 20 ppm. For the other samples, for a relatively long time the concentration of NO 2 was zero, then there was a breakthrough and a rapid increase in NO 2 concentration to 20 ppm. According to Fig. 2a and b , the preliminary wetting of the adsorbent with a stream of humid air causes an extension of the time in which the NO 2 concentration recorded is zero, which to a certain degree explains the higher sorption capacities of the activated carbons obtained in these conditions. A probable reason for such behaviour in mix-dry conditions is generation of a film of water on the adsorbent surface with which NO 2 molecules can react to give HNO 3 and HNO 5 acids, so the amount of adsorbed nitrogen dioxide increases.
A rapid decrease in NO 2 concentration after cutting off its flow to the adsorbent bed suggests that the majority of adsorbed NO 2 has been permanently bound in the porous structure of the activated carbons, so it underwent chemisorption. This process is possible thanks to the presence of a considerable content of mineral substance (Table 1 ) and oxygen functional groups of basic character (Table 3) . Only for samples M5A7 and M5A8, when adsorption is performed in mix-dry conditions, rinsing of adsorbent bed with a stream of pure air for 30 min does not permit a decrease in the NO 2 concentration to zero ppm.
To characterise in more detail the processes taking place in the adsorbent bed, also the changes in NO concentration were analysed. Nitrogen oxide can be formed as a result of reduction of NO 2 upon reaction with oxygen groups and/or carbon matrix. The character of the curves presented in Fig. 3 implies that the effectiveness of NO 2 reduction depends on the conditions of adsorption and is the most intense for mix-dry adsorption. What is important, in particular from the ecological point of view, irrespective of the variant of adsorption, for the majority of activated carbon samples, except for samples M5A7 and M5A8 when adsorption was performed in mix-dry conditions, the concentration of NO did not exceed 60 ppm.
Sorption abilities toward iodine
Analysis of the data presented in Table 5 shows that the temperatures of carbonisation and activation have a significant influence on the effectiveness of iodine removal by the adsorbents studied. With increasing temperature of carbonisation of the initial material, the adsorption capacity towards iodine considerably increases. A similar effect is observed on the temperature of activation increased from 700 to 800°C. It is probably a consequence of much better developed porous structure and surface area of these samples. The least effective adsorbent towards iodine was char M5, which can only adsorb 417 mg of iodine.
It should be emphasised that the activated carbons obtained by physical activation of chars M5 and M7 at 800°C are more effective in iodine removal than the commercially available carbons (Table 5 ) and show the effectiveness comparable to that of the products of chemical activation of such precursors as pistachio nut shells or cherry stones.
Conclusions
The above presented results have shown that the residue after supercritical extraction of marigold can be used as precursor for production of effective carbonaceous adsorbents. The activated carbon samples based on this material show much content of mineral matter, not well-developed surface area and a large number of functional groups of basic character. Therefore, further studies should be aimed Norit SX2 Iodine Min. 800.0 Pistachio nut shells Iodine 1280.0 Cherry stones Iodine 996.0 Adsorption (2016) at optimisation of the textural parameters of the adsorbents obtained so that these materials could be used in near future for effective removal of impurities from gas and liquid phase. The study has also shown that the effectiveness of gas pollutants removal depends first of all on the conditions of adsorption, so their effect should also be a subject of future studies.
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